There is currently no glacial lake inventory data set for the entire High Mountain Asia (HMA) 13 area. The definition and classification of glacial lakes remain controversial, presenting certain obstacles 14 to extensive utilization of glacial lake inventory data. This study integrated glacier inventory data and 15 426 Landsat TM/ETM+/OLI images, and adopted manual visual interpretation to extract glacial lake 16 boundaries within a 10-km buffer from glacier terminals using ArcGIS and ENVI software, normalized 17 difference water index maps, and Google Earth images. The theoretical and methodological basis for all 18 processing steps including glacial lake definition and classification, lake boundary delineation, and error 19 assessment are discussed comprehensively in the paper. Moreover, detailed information regarding the 20 coding, location, perimeter and area, area error, type, time phase, source image information, and 21 sub-regions of the located lakes is presented. It was established that 26,089 and 28,953 glacial lakes in 22 HMA, with sizes of 0.0054-5.83 km 2 , covered a combined area of 1692. 74 ± 231.44 and 1955.94 ± 23 259.68 km 2 in 1990 and 2018, respectively.
(http://data.ceda.ac.uk/badc/cru/data/cru_ts/cru_ts_4.02/), the air temperature of the different 1 sub-regions in HMA increased at an average annual rate of 0.002-0.054 ℃ a −1 during 1990-2018 ( Fig.  2 1). The annual rate of change of precipitation in HMA during 1990-2018 varied from −9.9 to 4.2 mm 3 a −1 with a small average rate of increase of 0.3 mm a −1 . 4
The HMA area has the largest surviving glaciers of any region other than Antarctica. As reported 5 in RGI 5.0, there were 97,974 modern glaciers in our study area, covering a total area of approximately 6 98,768.86 km 2 . Together, these glaciers produced an average meltwater volume of 110-150 km 3 Brun, et al., 2017). However, the so-called "Karakoram Anomaly" refers to a region that is a prominent 11 exception, which is characterized by glaciers with stable or positive mass balance (Hewitt, 2005; 12 Gardelle et al. We developed our glacial lake inventory of HMA based on 426 high-quality images selected from 4 more than 1800 Landsat images with 30-m spatial resolution derived from the websites of the United 5
States Geological Survey (https://www.usgs.gov/) and Geospatial Data Cloud (http://www.gscloud.cn/). 6
To ensure the accuracy of glacial lake boundary extraction, the following criteria were applied to 7 imagery selection. First, the cloud coverage in an image had to be <10 %. Second, for areas with no 8 eligible or only low-quality imagery (because of snow or shadows) in the given year, acceptable images 9 from years closest to the given year were chosen as replacements (Fig. 2) . Third, images acquired in 10 summer or autumn (July-November), when lake areas were believed near or at their maximal extent, 11 were set as optimal choices to minimize the impact produced by seasonal area changes of the glacial 12 lakes (Fig. 2) . Based on the above criteria, 204 and 222 Landsat images were selected to represent 1990 13 and 2018, respectively, which completely covered the buffer area within 10 km of the glaciers 14 terminals acquired from the Second Chinese Glacier Inventory (http://westdc.westgis.ac.cn) and RGI 15 5.0 (https://www.glims.org/RGI/rgi50_dl.html). Among the selected images, those acquired during 16 
Outline of workflow 6
The methods and workflow adopted in this study to produce a glacial lake inventory mainly 7 included collation of knowledge and formulation of the specifications of the glacial lake inventory, data 8 pre-processing, manual vectorization of glacial lakes, interactive checking and error controlling, and 9 attribute database assignment ( Fig. 3 ). 10
(1) Collation of available knowledge regarding glacial lake inventories. As much literature as 11 possible relevant to the investigation and recording of glacial lakes was collected. The various 12 definitions and classifications of glacial lakes, as well as the methods adopted previously for glacial 13 lake boundary extraction and assessment of the extent of glacial lake distributions, were summarized 14 and normative rules formulated for the HMA glacial lake inventory, as explained further in Sect. 3.2. 15 (2) Formulation of the specifications of lake identification. First, a working group of four leading 16 experts in the field was founded in 2014 to discuss and formulate the specifications of the glacial lake 17 inventory. Current knowledge regarding identification of lakes from Landsat imagery (e.g., pixel colour, 18 lake shape, and lake background features) and specifications of vectorization (e.g., viewing scale on a 19 computer screen vectorization of mixed pixels) was discussed and unified operating criteria were 20 https://doi.org/10.5194/essd-2019-212 where Bi is the spectral band of Landsat imagery. The NDWI maps were calculated for each selected 11
Landsat image using different region-specific thresholds, which typically were in the range −0.10 to 12 0.20 for lake surfaces. When manual vectorization was performed on a false colour composite image, 13 the NDWI maps of potential glacial lakes were overlaid to assist in glacial lake identification. 14 (4) Manual vectorization and entering of attribute data. The inventory work was performed during 15 2014-2019. Seven groups were formed to conduct lake boundary vectorization of the 13 HMA 16 sub-regions. After vectorization of a glacial lake, it was required that manual attribute items (e.g., data 17 source and lake type) be input concurrently. 18 (5) Interactive checking and accuracy control. First, glacial lakes were discerned via human-19 computer interaction, i.e., potential glacial lakes were revealed by the NDWI maps or identified 20 visually from the false colour composite images. Second, glacial lake boundary vectorization results 21 were checked interactively by another vectorization operative to eliminate misclassified areas of 22 shadow and ice and to add areas of glacial lakes evidently omitted in the boundary extraction process. 23
This checking process also minimized the subjective judgment errors of the operatives. Third, attribute 24 items such as glacial lake classification, new/disappeared lakes, and separated/coalesced lakes were 25 checked interactively. In this process, Google Earth imagery was used as an important auxiliary 26 reference data source for error examination. 
Definition of glacial lakes 4
The definition of a glacial lake determines the type of cryosphere water body that will be recorded 5 as a glacial lake. There are multiple definitions of a glacial lake based on different perspectives (Mool of glacial lakes is given greatest attention. Some studies that focused on the former proposed that a 10 glacial lake is a natural water body formed by alpine glacier movement since the Last Glacial 11 https://doi.org/10.5194/essd-2019-212 Most Quaternary glaciers have disappeared and the remaining relics are incomplete, which makes 7 it difficult to recover a continuous and complete glaciation range in alpine regions. Thus, it is of great 8 importance to ensure the range of glaciation in an alpine region when conducting a glacial lake 9 inventory based on remote sensing data. The most practical approach might be to specify an indicator 10 threshold to define the glaciation extent according to relevant findings of existing glacier relics in a 11 typical region. On the one hand, the glaciation frontier can usually be indicated by a specified lowest 12 elevation threshold, which is generally closely related to the regional climatic context caused by the 13 elevation effect. However, the lowest elevation threshold might vary enormously with respect to 14 different regions because regional climatic settings differ. the large scale of the HMA region with its complex climatic context and extremely varied terrain, the 1 data set compiled included glacial lakes within a buffer zone of 10 km from modern glacier terminals, 2 which covered an area of approximately 1.19 × 10 6 km 2 according to the Second Glacier Inventory of 3
China and RGI 5.0 ( Fig. 1 ). 4
Classification of glacial lakes 5
In glaciation regions, the characteristics of glacial lakes, which include the phase of lake formation, 6 lake basin topography, dam material constituents, geometrical relationship with modern glaciers, and 7 source of water supply (or combinations thereof), have been employed as the basis for glacial lake 8 (2018) presented a reasonably complete classification schema for glacial lake inventory and study of 13 glacial lake hazards that included six classes and eight sub-classes based mainly on the mechanism of 14 glacial lake formation, lake basin topography, and the geometrical relationship with modern glaciers. 15
Generally, it is a little difficult to distinguish glacial lake type in terms of material properties, 16 topographic features, and phase of lake formation using remote sensing imagery. Moreover, most of the 17 standards mentioned above were found inapplicable in previous studies of glacial lake classification in 18 large-scale regions such as HMA because of the lack of sufficient amounts of remote sensing data with 19 appropriate resolution. In this study, the hydrologic relationship between glacial lakes and modern 20 glaciers was adopted as a classification criterion because the present data set is intended to provide 21 fundamental data for water resource evaluation and glacier hazard assessment. Consequently, glacial 22 lakes were divided into just two types: glacier-fed lakes and non-glacier-fed lakes. This classification 23 was based on whether the hydrological flow of the modern glacier and topographic features of the lake 24 basin allowed a lake to receive meltwater from the modern glacier. To achieve reliable classification 25 results, glacial lakes were distinguished with the assistance of 3D digital terrain imagery from Google 
Extraction of lake boundary 1
This study adopted automatic glacial lake extraction and manual glacial lake boundary 2 vectorization to determine glacial lake boundaries. In the NDWI-based automatic lake boundary 3 extraction approach, two bands were selected to facilitate a ratio calculation to maximize the difference 4 between water and non-water objects in the remote sensing imagery based on a given threshold. The 5
given threshold was determined subjectively with consideration of how much detailed information of 6 the lake water bodies was captured precisely. The given threshold was varied to account for various 7 factors such as the differences in Landsat sensors (i.e., TM, ETM/ETM+, and OLI), time phase of 8 images, quality of images, and complexity of surface features. To achieve the optimal threshold for 9 lake water body recognition, the candidate threshold was debugged iteratively for each image. In 10 practice, because the area of the glacial lakes was usually small (see next paragraph) and the spectral 11 features of the lake water bodies were varied, the threshold had to be set to allow capture of the greatest 12 number of water body pixels, which consequently resulted in simultaneous acquisition of more 13 non-lake-water-body noise information. It also resulted in more effort in the subsequent manual 14 modification to reduce noise information using methods such as algorithms to eliminate mountain 15 shadows (Gardelle et al., 2011). colour, and other characteristics of glacial lakes in false colour composite images based on available 18 professional knowledge and accumulated experience in vectorization operations. Even though it was 19 regarded a time-consuming and labour-intensive process, it was also considered an attractive approach 20 because of its consistency, high level of quality control, and reasonably simple operational procedure, 21
given the varied quality of Landsat images for the large-scale HMA region. In this study, the manual 22 visual vectorization process was generally found more suitable in terms of effort and precision for 23 generating a glacial lake inventory data set of the HMA region in comparison with automatic glacial 24 lake extraction. Therefore, manual visual vectorization in conjunction with NDWI maps was the main 25 method adopted to extract glacial lake boundaries to minimize the deficiencies produced by individual 26 subjectivity of the operatives. 27
The minimum number of pixels used to extract a glacial lake water body was found inconsistent in body could be recorded as a glacial lake. However, a glacial lake is generally not represented by one 5 pure pixel unless perfectly aligned with the raster grid; usually, it would be surrounded partly or fully 6 by 1-8 mixed lake water body pixels (Fig. 4a, b ). Consequently, manual delineation was required for 7 approximately 1/2, 1/4, or 3/4 of the peripheral mixed pixels surrounding pure lake water body pixels 8 ( Fig. 4c ). In this study, the minimum glacial lake area recorded was set at 0.0054 km 2 (e.g., 3-4 pure 9 lake water body pixels with approximately 12 mixed boundary pixels) because a lake area covering 10 fewer than three pure lake water pixels could possibly have an error of >100 % (see Sect. 5). perimeter of each lake were calculated using ArcMap based on the unified geography coordinate 10 system of GCS_WGS_1984 and the Asia_North_Albers_Equal_Area_Conic projection system, 11 respectively, to avoid errors caused by projection deformation. (4) The error of lake area was calculated 12 using Eqs. (2) and (3) (Sect. 5). (5) Lake type, which was input manually, was defined as either 13 glacier-fed lake or non-glacier-fed lake (see Sect. 4.2.2). (6) Lake time phase was the acquisition date 14 of the original Landsat image, which was recorded as the month and year for each lake. (7) Source 15 image information referred to the image number of the Landsat images used to extract the glacial lake 16 boundary. (8) The sub-region to which each lake belonged identified the regional location within the 17 HMA area. Each lake was assigned based on shp. file data of the boundaries of the 13 HMA 18 sub-regions, obtained from the National Snow and Ice Data Centre, using the ArcMap spatial analysis 19 tool. 20
Error assessment 21
The errors associated with glacial lake extraction from remote sensing imagery using manual visual 22 delineation are generally related to components of the quality of the images (e.g., spatiotemporal 23 resolution, cloud coverage, and mountain shadows), experience, operative subjectivity, and the threshold 24 because pure lake water body pixels are usually surrounded by mixed pixels (Fig. 4b, c) . The lake area 1 error within one standard deviation (1σ) can be expressed as follows (Hanshaw and Bookhagen, 2014): 2
where P is the perimeter of the glacial lake (m), G is the spatial resolution of the remote sensing 5 imagery (30 m in this data set), 0.6872 is the revised coefficient under 1σ (i.e., approximately 69 % of 6 peripheral pixels are subjected to errors), E is the relative error of the glacial lake, and A is the total 7 area of the glacial lake. 8
The resulting calculated error indicated that the total absolute area error of HMA glacial lakes was 9 approximately ±231.44 and ±259.68 km 2 and the average relative error was ±13.8 and ±13.3 % in 1990 10 and 2018, respectively. The relative area errors of each lake varied from 2-85 %, and a significant 11 power exponential relationship was found between the relative area error and the sizes of the glacial 12 lakes (E = 0.050 −0.45 , R 2 = 0.96, α < 0.001) (Fig. 5a ). Small-sized lakes (i.e., area ≤ 0.01 km 2 , 13 which accounted for 2 % of the total lake area in HMA) had the largest average relative area error of 14 44.6 % (Fig. 5b) . Medium-sized lakes (i.e., area of 0.01-0.1 km 2 , which accounted for 34 % of the total 15 lake area in HMA) had an average relative area error of 22.1 % (Fig. 5c ). Large-sized lakes (i.e., area ≥ 16 0.1 km 2 , which accounted for 64 % of the total lake area in HMA) had the smallest average relative 17 area error of 4.1 % (Fig. 5d ). In summary, smaller glacial lakes in the HMA region had larger relative 18 area errors, and vice versa. 19
To further verify the accuracy of the manual delineation of glacial lake boundaries, nine lakes 20 located within the HMA region were surveyed using a portable GPS device (Trimble GeoXH6000) 21 during July-August 2018 (Fig. 6 ). The lakes selected for field survey covered areas of 0.01-2.97 km 2 . 22
The field-based lake boundaries were compared with those obtained via manual delineation (i.e., 23 derived from Landsat OLI imagery acquired during 2018). It was found that the area error (i.e., the 24 percentage difference of the absolute area encircled by the manually delineated lake boundary and that 25 derived by the GPS survey) varied from 5.5-25.5 %. Moreover, it was determined that the average 26 horizontal distance deviation between the two types of boundary varied from 4.5-33.5 m ( Table 1) . 27
Overall, the horizontal deviations were largely confined to one pixel, and the average accuracy of the 28 delineation of glacial lake boundaries was within ±0.5 pixels (±15 m). Table 1 . Horizontal deviations between lake boundaries obtained by manual delineation and field 5 survey using a portable GPS device (Trimble GeoXH6000) 6 Name (labelled in Figure 6 ) Lake ID 
